Background: Nitrophorins are nitric oxide (NO) transport proteins from the saliva of blood-feeding insects, which act as vasodilators and anti-platelet agents. Rhodnius prolixus, an insect that carries the trypanosome that causes Chagas' disease, releases four NO-loaded nitrophorins during blood feeding, whereupon the ligand is released into the bloodstream or surrounding tissue of the host. Histamine, a signaling molecule released by the host upon tissue damage, is tightly bound by the nitrophorins; this may facilitate the release of NO and reduce inflammation in the host.
Introduction
The saliva of blood-feeding insects contains a variety of substances that inhibit blood coagulation and increase the flow of blood to the insect. These substances are necessary for maintaining a continuous flow through the narrow channel of the mouth parts and for preventing clotting at the site of feeding. They also aid in the search for a suitable blood vessel. A marvellous variety of insect proteins that are directed to this purpose have been discovered, including proteins that induce vasodilation, inhibit vasoconstriction, inhibit platelet aggregation, and interfere with numerous steps in the blood-coagulation cascade [1] .
Nitrophorins are insect-derived proteins that allow the transport of nitric oxide (NO) to the feeding site, where, upon release, it induces vasodilation. There are four nitrophorins in the saliva of the blood-sucking bug Rhodnius prolixus [2] , an insect that carries the parasite that causes Chagas' disease [3] . All four proteins contain heme [2] , are vasodilators [4] , and are antihistaminic agents [5] . When isolated, these proteins are in the ferric state and contain NO ligated to the heme iron [2, 4] . The NO is released from this complex on dilution at neutral pH, leaving an unliganded ferric heme protein that can bind histamine [5] [6] [7] , which is released in response to the tissue injury. Binding of histamine may reduce inflammation.
We have recently reported three crystal structures of the most abundant of the four Rhodnius nitrophorins, nitrophorin 1 (NP1), in separate complexes with NH 3 , histamine, and cyanide, a ligand that is isosteric with NO on binding to heme [6] . The major structural feature of NP1 is a central eight-stranded β barrel that is unique among heme proteins, but, surprisingly, is similar to that found in the lipocalins [6] . Members of the ever-expanding lipocalin family include retinol binding protein, apolipoprotein D, and prostaglandin D synthase, all of which, like NP1, bind a hydrophobic molecule at one end of an eight-stranded antiparallel β barrel (reviewed in [8] ). In arthropods, lipocalins often contribute to pigmentation. For example, the insect proteins insecticyanin [9] and bilin-binding protein [10] , both of which bind the porphyrin metabolite biliverdin, are lipocalins and the lobster protein crustacyanin [11] , which binds carotenoids, is a lipocalin. These proteins accumulate in the blood and epidermis to yield the desired pigmentation. Recently, several lipocalin-like proteins that act as platelet-aggregation inhibitors and thrombin inhibitors ( [12, 13] and DEC, JFA, and JMC Ribeiro, unpublished results) have been isolated from the salivary secretions of the blood-feeding insects Triatoma pallidipennis and Rhodnius prolixus.
A striking feature of the nitrophorins is their ability to transport NO, an extremely reactive molecule. NO binds nearly irreversibly to the heme in globins, yet binding to the Rhodnius nitrophorins is readily reversible (K d = 0.2 -2 × 10 -6 M for NP1, depending on pH [14] ). Reversible binding of NO requires heme to be stabilized in the ferric (Fe(III)) form. Methemoglobin and metmyoglobin are both ferric proteins, but they are readily autoreduced by NO to the ferrous (Fe(II)) state, where binding of NO is extremely tight (K d~1 0 -12 M). The Rhodnius nitrophorins are resistant to autoreduction and are thus well-suited to their roles as NO transporters. They also bind more tightly to NO at pH 5.0, a pH thought to be similar to that of the insect salivary gland, than at pH 7.4, the pH of the tissue where feeding occurs, which facilitates NO loading onto the protein in the saliva and release of NO into the host tissue. A second unusual feature of the Rhodnius nitrophorins is their ability to bind histamine through coordination with heme once NO has been released [5] [6] [7] . This binding is tight (K d = 2 × 10 -8 M at pH 7.0 [6] ) and appears to be the source of a significant antihistaminic activity in the Rhodnius saliva. In addition, NP1 has been reported to have thiol oxidase activity [15] and NP2 to have anticoagulant activity [16, 17] . The latter activity is not related to the heme moiety, but is due to an inhibition of the conversion of factor X to factor Xa in the blood-coagulation cascade [16, 17] .
It is possible that Rhodnius insects synthesize multiple nitrophorins in order to build in additional functionality, such as the anticoagulatory activity of NP2, and to finetune the signal for vasodilation by releasing NO over a longer period of time than could be achieved with a single NO-off rate. Each of the four nitrophorins appear to have two NO-off rates, and the two rates differ among the four proteins ( [14] and JMC Ribeiro, personal communication). The four proteins display only 38% identity ( [2] and DEC, unpublished results) and an understanding of how the proteins acquire a lowered heme reduction potential, modulate NO-off rates, and develop additional antihemostatic functions, may most easily be found through studies of all four proteins rather than through concentrating on any single example.
As a first step toward this goal, we report here the biochemical characterization and structure determination of a second nitrophorin, NP4, at 1.5 Å resolution. NP4 comprises approximately 10% of the nitrophorin content of the salivary secretion and shares a 90% sequence identity with NP1. The NP4 structure is of considerably higher resolution than the NP1 structures, which ranged from 2.0 to 2.2 Å resolution [6] , and provides a clearer picture of several poorly ordered regions in the two proteins, including the solvent arrangement in the binding pocket. The structure also confirms the heme ligation by NH 3 and the placement of three solvent molecules around a buried glutamate residue (Glu55). The increased affinity of the nitrophorins for NO at lower pH may depend upon protonation of this residue [6] . We also present a detailed comparison of the nitrophorin structures and the structures of several other lipocalins. These comparisons provide an example of the high degree of structural relatedness that is possible among proteins showing only weak sequence similarity, and provide an insight into the evolution of the Rhodnius salivary antihemostatic proteins.
Results and discussion

Characterization of NP4
NP4 was expressed in Escherichia coli as inclusion bodies and renatured as previously described for NP1 [14] (see Materials and methods section for summary). During the renaturation process, two disulfide bonds were correctly oxidized and the heme was correctly inserted. The purified recombinant NP4 was characterized spectrally and found to be nearly identical to recombinant and insect derived NP1 [14] . Like NP1, NP4 shows a Soret maximum at 404 nm in the visible spectrum and has an overall spectrum typical of a high-spin ferric heme protein ( Figure 1 ). When NO is added to the protein, the Soret band shifts to 419 nm at pH 8.0 ( Figure 1 ) and to a slightly longer wavelength at pH 5.0 (not shown). Also appearing are the α and β bands at 567 and 533 nm ( Figure 1 ) that are characteristic of the ferric nitrosyl complex observed previously with NP1 [2, 14] .
One of the hallmarks of the nitrophorins is their ability to stabilize ferric heme, allowing freely reversible NO binding as outlined in the introduction. Reversibility of NO binding to recombinant NP4 was demonstrated by passing a stream of argon over a solution of the NO complex. At pH 8.0, this treatment resulted in removal of NO from the protein, as indicated by a shift in the Soret maximum from 419 nm back to 404 nm and by the concomitant loss of the α and β bands. Complete removal of NO required less than ten minutes. As observed previously with NP1 [2] , the release of NO is diminished at pH 5.0, requiring over 30 minutes for complete removal of NO. The pH dependence of NO binding is thought to be of physiological importance, facilitating NO loading at the lower pH of the insect salivary glands and NO release at the higher pH of the tissue where the insect feeds. Additional evidence that NP4 is in the ferric state was obtained by electron paramagnetic resonance (EPR) spectroscopy, which indicated that the NP4-NO complex was EPR silent (FA Walker, personal communication), as was previously described for the insect-derived nitrophorins [4] and for recombinant NP1 [6] . The protein also has a dramatically reduced redox potential with respect to myoglobin (FA Walker, unpublished results). The nitrophorins bind histamine tightly, a function that has been proposed to reduce inflammation and the immune response during feeding. As expected, the spectra of the recombinant NP4 and NP1 histamine complexes are similar in that both indicate binding at the heme. The Soret maximum shifts to 413 nm and broad α and β peaks appear between 580 and 520 nm ( Figure 1 ). Many lipocalins, including other insect-derived forms, are multimeric and have extensive subunit interactions [8] . Gel filtration chromatography on Superdex 75 in the presence of 200 mM NaCl yielded a molecular mass of 20,000 Da for NP4, indicating that the protein is monomeric (data not shown). The predicted molecular mass based on the protein sequence is 20,253 Da.
Structure of NP4
The crystals of NP4 were in space group C2 and contained a single molecule in the asymmetric portion of the unit cell. The NP4 crystals diffracted well and a data set to 1.5 Å nominal resolution was measured with a laboratory X-ray source; this value is considerably better than the 2.0 Å resolution diffraction achieved with NP1 [6] . The NP4 structure was determined by molecular replacement using a modified model of NP1 from which non-identical sidechains, water molecules, and heme had been removed. Statistics for the final model are listed in Table 1 (see Materials and methods section for details).
The structure of NP4 is, as expected, very similar to that of NP1, although the structures display a relatively high 1.0 Å root mean square (rms) deviation in Cα positions despite having 90% sequence identity. In contrast, the two NP1 molecules in the asymmetric unit of the NP1 crystals differ in Cα positions by only 0.32 Å [6] . NP4 has an antiparallel eight-stranded β barrel, typical of lipocalins, and a central ligand-binding cavity that contains heme ( Figure 2 ). The eight β strands that form the core of NP4 display the best order in the structure and the best agreement with NP1 (0.36 Å rms deviation between Cαs). All 
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mainchain atoms are resolved in the final electron-density maps apart from residues 32-38, whose positions must be considered unreliable in the final model. Residues 32-38 lie in the loop connecting β strands A and B, and were also poorly ordered in the structures of NP1.
Lipocalin structures are most variable in the flexible loops that connect the strands of the β barrel, especially in the loops surrounding the opening of the ligand-binding pocket. The poorly ordered loop connecting β strands A and B in NP4 (residues 32-41) stretches across the heme pocket, and Tyr40 is in van der Waals contact with the heme. This loop has been suggested to form a flexible cap for the ligand-binding pocket of other lipocalins [8] . Likewise, the loop connecting strands G and H in NP4 (residues 125-131), which forms part of the distal ligandbinding pocket, has a significantly different conformation in NP4 than in NP1 [6] . Residues 126-128 of this loop move ~5 Å towards the heme, producing a more closed orientation for the ligand-binding cavity. However, Leu130, which contacts histamine in the NP1-histamine complex [6] , is in a similar position in both proteins. The different position of the flexible G-H loop in NP4 compared with NP1 is likely to be due to alternative packing constraints in the two crystal forms. Differences between NP4 and NP1 also occur at the N terminus. In the NP1 structure, residues 1-5 at the N terminus of the protein are poorly ordered [6] but in NP4, electron density for these residues is clearly seen and only the sidechain of Lys4 is disordered. In comparison with the NP1 model, the peptide bond between residues 3 and 4 has been flipped in NP4 and the position of Lys4 has changed.
Heme environment
The heme iron in NP4 is bound by a proximal imidazole ligand provided by His59 on strand C of the β barrel. Also present on the proximal side of the heme is a water molecule (Wat H59) that forms hydrogen bonds with the His59 imidazole group (2.7 Å) and the carboxylate group of Asp70 (2.8 Å, Figure 3 ). This hydrogen-bonding network 1318 Structure 1998, Vol 6 No 10
Figure 2
The structure of NP4 reveals an antiparallel eight-stranded β barrel and a central ligandbinding cavity that contains heme. 
(c)
Structure may alter the electronic properties of the imidazole group and affect the redox properties of the heme iron atom and the binding properties of nitric oxide, a possibility that is currently being investigated. The His59 imidazole-iron bond is bent ~15° out of the imidazole plane, instead of lying along the plane as was expected (Figure 3 ), which may also affect the distal pocket binding properties. A similar distortion was found in the NP1 structure. The propionate groups of the heme ligand are directed towards the opening of the distal pocket. One of the propionates is positioned by an unusual carboxylate-carboxylic acid hydrogen bond with Asp70 (2.4 Å) and by a salt bridge involving the ε-amino group of Lys125 (2.7 Å, Figure 3 ).
The second propionate group also hydrogen bonds with the Lys125 amino group (2.6 Å), but it is less well ordered ( Figure 3 ). The heme itself has a distinct domed structure unlike that of myoglobin, which may also have an influence on its chemical properties ( Figure 3 ).
The ring of Tyr40 lies with its plane approximately parallel to the heme plane on the proximal side, in van der Waals contact with the heme (Figure 3 ). The ring shows considerable disorder, suggesting that it is highly mobile. This disorder is likely to be the result of movements in the adjacent mobile loop connecting β strands A and B (residues 32-38). The nearby heme vinyl group also appears to be mobile and probably adopts two predominate conformations, one on the proximal side of the heme and the other rotated 180° away on the distal side of the heme. On the distal side of the heme, a sixth iron ligand, which is probably an ammonia molecule, is present at 2.1 Å from the iron atom ( Figure 3 ). This interpretation is based on the pronounced color change from a dull brown to red that occurs on addition of protein to the concentrated (2.8 M) ammonium phosphate used for crystallization, but not when it is added to potassium phosphate [14] . An ammonium ion (NH 4 + ) does not contain a free Structure electron pair for coordination with the iron; the most likely candidate for the ligand is therefore ammonia (NH 3 ), which, with a pK a of 9.3, is at a concentration of 30 mM in the crystallization drop (pH 7.5).
The distal pocket also contains three additional ordered solvent molecules that partially occupy the binding site for histamine and NO (Figure 3 ). Wat L123 is hydrogen bonded to four groups: the amide nitrogen of Leu123 (2.9 Å), the carbonyl oxygen of Gly131 (2.7 Å), and solvent molecules Wat DP1 (distal pocket 1; 3.1 Å) and Wat DP2 (3.2 Å). It is also close to the carbonyl of Thr121 (3.2 Å), but is poorly oriented for hydrogen bond formation with this group. Wat L123 occupies the same position as the water molecule in the NP1-histamine complex that is hydrogen bonded to the imidazole nitrogen of histamine [6] . Wat DP2 occupies the same position as histamine in the NP1-histamine structure, and cyanide in the NP1-CNstructure [6] . Wat DP1 hydrogen bonds to the heme-bound NH 3 (3.0 Å) and to Wat L123. The hydrogen-bonding network involving Wat DP1, Wat L123 and Wat DP2 may stabilize the binding of the ammonia molecule to the heme iron and, in the absence of ammonia, stabilize the binding of a water or hydroxide ligand. This network also suggests that a significant reordering of the distal pocket solvent is required for binding of NO or histamine because there is overlap between the solvent-binding and ligandbinding sites. In myoglobin, water bound through the distal histidine diminishes the association rate constant for O 2 binding (reviewed in [18] ) and a similar situation may occur in the nitrophorins with respect to NO and histamine binding.
The sidechains of Thr121 and Leu133, both of which are involved in ligand binding in NP1, show evidence of discrete disorder and two rotomers of the two sidechains may be highly populated in the crystal. In the case of Thr121, the second, less populated, conformation (not included in the refinement) would bring the hydroxyl group into hydrogen-bonding distance of Wat DP2 and may be an additional factor in stabilizing the ammonia ligand.
As noted in the introduction, a curious feature of the nitrophorins is that, on the basis of spectroscopic measurements involving either the recombinant or insect-derived proteins, they apparently have two NO release rates. This implies that two chemically distinct forms of nitrosylated heme, which do not readily interconvert, occur in the protein. At present we do not understand the structural basis for this phenomena and have begun experiments to further address this question.
Buried solvent
An unusual group of three buried solvent molecules was found in structures of NP1 [6] and a similar arrangement occurs in NP4. These molecules form a series of hydrogen bonds with amino acids Tyr17, Glu55, Ser72, and Tyr105 (Figure 4 ). Two water molecules, Wat Y17 and Wat E55, are hydrogen bonded to the carboxylate group of Glu55 with bond lengths of 2.7 Å and 3.1 Å, respectively. Wat E55 is less well ordered than the other solvent molecules. Wat Y17 is also hydrogen bonded to the sidechain hydroxyl of Tyr17 (2.8 Å). Wat S72 hydrogen bonds to the hydroxyls of both Ser72 (2.6 Å) and Tyr105 (2.9 Å), and the Tyr105 hydroxyl forms a second hydrogen bond to Glu55 (2.6 Å).
The sidechain of Phe107, lying adjacent to Glu55, is somewhat disordered; this is unusual for a buried sidechain, but it may be of functional significance. We have other data, to be presented elsewhere, which shows that the buried solvent molecules in this region are not present at pH 5.6, and that Phe107 rotates to fill part of the cavity that results from this loss. Residue Tyr105, which contacts the heme, also shifts as a consequence of the solvent loss. These data suggest that Glu55, a buried residue, is deprotonated and charged in the present structure (pH 7.5), and may be responsible for the pHdependent differences in NO binding affinity. Data in support of this hypothesis will be presented elsewhere (AW, JFA and WRM, unpublished results).
Comparison of NP4 with other lipocalins
The lipocalin fold was originally discovered in retinolbinding protein, the protein required for retinol transport [19] . Since then, it has become clear that a marvellous variety of biological functions depend on the lipocalin fold for their molecular underpinnings. Despite the growing family of well-characterized lipocalins, detection of this fold at the sequence level has proved difficult because the proteins show a low degree of amino acid identity. Indeed, the nitrophorin sequences align as well with the helical globins as they do with the β barrel containing lipocalins and they were not recognized as lipocalins until the structure of NP1 was determined. In what follows, we have taken a structure-based approach to the alignment of lipocalin sequences as a first step towards understanding the evolutionary development of seven Rhodnius salivary proteins. These proteins have at least four distinct antihemostatic functions and all seven are predicted to be lipocalins.
We have superimposed NP4 with five other lipocalins by first identifying analogous structural regions through inspection and then determining a least-squares best-fit between pairs of structures. The five coordinate sets used were butterfly bilin-binding protein (BBP, [10] ) from Pierus brassicae, moth insecticyanin (INS, [9] ) from Manduca sexta, human retinol-binding protein (RBP, [19] ), bovine β-lactoglobulin (LAC, [20] ), and rat epidydimal retinoic acid binding protein (ERB, [21] ). These proteins are typical lipocalins and contain the same secondary structural elements as the nitrophorins. From these superpositions, we derived an amino acid sequence alignment that was used to determine the true degree of amino acid identity of nitrophorins with other lipocalins and to determine structurally equivalent positions within the group.
To obtain the aligned structures, a Cα core containing residues from each strand of the β barrel and the N-terminal region was determined from an examination of manually superimposed structures, roughly totaling one third of each protein (the residues used are indicated in Figure 5 ). The core Cα atoms of each structure were then fitted more precisely to NP4 using a least-squares algorithm ( Table 2) , after which the superimposed structures were used to generate the structure-based sequence alignment shown in Figure 5 . The core regions of all five proteins showed rms deviations from the NP4 structure that were less than 2 Å ( Table 2) , indicating that the structure of the core β barrel is remarkably well conserved despite the sequence identity being very low. Interestingly, the degree of sequence and structural identity among the groups did not necessarily correspond. For example, the most similar structures were INS and BBP, which are 41% identical and display an rms deviation in the core atoms of 1.2 Å. Yet BBP and ERB, which share only 16% identity, have a core rms deviation of only 1.3 Å. Likewise, NP4 has most sequence homology with the insect-derived proteins BBP and INS, but the core region aligns better with human-derived RBP. However, other features suggest that the insect proteins are more closely related to each other than to the other lipocalins examined (discussed below). The major difference in overall topology between NP4 and the other lipocalins is the extension in NP4 of strands E and F and the loop connecting them (Figures 2  and 5 ). The lengthened region is situated at the opening to the ligand-binding cavity, but projects away from the cavity itself and does not appear to affect the entry or exit of ligands. The E-F loop and connecting strands do not differ significantly between NP1 and NP4.
Three regions showing the highest degree of sequence similarity among the lipocalins have been identified by Flower et al. [22] and deemed structurally conserved regions (SCRs). SCR1 contains the N-terminal region and β strand A, SCR2 contains β strands F and G, and SCR3 contains β strand H and part of the linker connecting the β barrel with helix 2 (Figures 2 and 5 ). The sequence alignment shows that NP4 contains characteristic residues in each of the SCR regions, including Trp23, Val109, Asp113, and Arg139. Structural comparisons of the SCRs reveal that the backbone atomic positions are highly conserved for these residues among NP4 and the other lipocalins. However, NP4 does contain an unusual deletion of a single residue in SCR2 in the loop connecting strands F and G (Figures 2 and 5 ). This deletion does not greatly perturb the structure of SCR2.
As mentioned above, the amino acid sequence of NP4 is more similar to the insect proteins BBP and INS than the mammalian lipocalins, yet the NP4 core structure is most similar to that of RBP (Table 2) . That the insect proteins are indeed more closely related to each other than to the other lipocalins is supported by a comparison of disulfide bonding patterns among the proteins. NP4 contains two disulfide bonds, one connecting Cys2 at the N terminus with Cys122 on strand G of the β barrel, and the other Stereoview of the buried hydrogen-bonding network located behind the heme. Tyr105 and Wat E55 (the lower of the two waters attached to Glu55) are in van der Waals contact with a heme methyl.
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Structure connecting Cys41 on strand B with Cys171 at the C terminus ( Figure 5 ). The positions of these cysteines and the pattern of disulfide bonding are identical among NP4, NP1, and the insect lipocalins BBP and INS. In contrast, the mammalian lipocalins contain from one to three disulfide bonds and different residues are involved. RBP and LAC contain a cysteine that aligns near Cys122 of NP4, but this residue is disulfide bonded with Cys129 in RBP and with Cys106 in LAC ( Figure 5 ). All of the mammalian proteins examined in this study have a cysteine 1322 Structure 1998, Vol 6 No 10
Figure 5
A residue near position 65 on strand D that is not present in insect lipocalins and is disulfide bonded with a cysteine residue near the C terminus of the protein. Thus, disulfide bonding patterns appear to be a better predictor of evolutionary relatedness among the lipocalins than overall rms deviations in the protein structure.
Comparison of NP4 with other salivary lipocalins
Surprisingly, a number of other antihemostatic proteins that also appear to have lipocalin or lipocalin-like folds have been isolated from blood-feeding insects. Unlike the nitrophorins, however, none of these proteins contains heme. The function of several of these proteins, including pallidipin from Triatoma pallidipennis [23] , a relative of R. prolixus, and a group of three salivary antiplatelet lipocalins (SAPLs) from R. prolixus (DEC and JMC Ribeiro, personal communication), is to interfere with platelet aggregation. Although the structures of these proteins have not been determined, all four can be aligned with each other at the sequence level, as well as with triabin, a thrombin inhibitor from T. pallidipennis whose structure is known [24] . Triabin is lipocalin related, but it has a modified up-up-down-down topology for the first four strands of the β barrel rather than the normal up-down-up-down topology. This major topological difference suggests that triabin is, at best, distantly related to the nitrophorins and that the other salivary lipocalins in R. prolixus are therefore also only distantly related to the nitrophorins.
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Comparison of the ligand-binding pocket of NP4 with BBP and INS
The nitrophorins and the biliverdin-binding proteins BBP and INS all bind derivatives of protoporphyrin IX. In the binding pocket of BBP and INS, biliverdin takes on a closed conformation in which the pyrrole rings are arranged in a manner similar to those of protoporphyrin IX. Because of the similarity of the bound conformations of biliverdin and heme, it has been suggested that BBP and INS may initially bind heme and that the oxidative cleavage to form biliverdin IXγ occurs in situ [9] . This suggestion appears even more attractive in light of the structural relatedness of the nitrophorins and the biliverdin-binding proteins, so we investigated the likelihood of this mechanism through additional comparisons of the three binding pockets.
Heme oxygenase, the enzyme responsible for the conversion of heme to biliverdin in organisms ranging from bluegreen algae to mammals, binds Fe(III) heme by means of an axial neutral histidine ligand [25, 26] , much like the nitrophorins do. The Fe(III) form of the enzyme has an optical spectrum that is very similar to both metmyoglobin and the nitrophorins [26] . The structure of the protein is not known. Metmyoglobin has been shown to convert heme to biliverdin if ascorbate is used as a reductant, suggesting that the structure of the protein is less important in determining catalytic activity than the ligation state of the heme [27] . The structural comparisons reported here suggest that insect biliverdin-binding proteins may be heme oxygenases that operate via a heme-bound intermediate with a neutral imidazole ligand (from a histidine). This intermediate may have a structure similar to the nitrophorins and undergo a conformational change after cleavage of the heme ligand. The alignment of NP4 and BBP shows a conserved Tyr-His dipeptide corresponding to the proximal heme ligand (His59) of the nitrophorins ( Figure 6 ). INS contains phenylalanine in this position, but examination of the area corresponding to the distal pocket of NP4 reveals that His131 is positioned with its sidechain projecting towards the heme iron ( Figure 6 ). There are no other histidine residues near the ligandbinding site in either protein.
Conversion of the heme complex of NP4 to a product complex resembling the biliverdin-binding proteins would require a rotation of the ligand and a rather large Figure 6 ). The change in ligand position between nitrophorins and biliverdin-binding proteins is accompanied by a closure of the loop connecting strands A and B of the β barrel over the opening to the binding pocket and an outward movement of strands C-D and G-H (Figure 7 ). It is also worth noting that, unlike the nitrophorins, the biliverdin-binding proteins are oligomeric and the conformations of the ligand-binding loops are influenced by contacts with neighboring subunits. Support for a putative heme oxygenase activity for biliverdin-binding proteins comes from the highly unusual regiospecificity of the reaction. In virtually all biological systems (including the myoglobin-ascorbate system), the reaction product of heme cleavage is biliverdin IXα [28] . But both BBP and INS of the insect order Lepidoptera (butterflies and moths) contain only the γ isomer, suggesting a different reaction environment for heme cleavage; possibly by the proteins themselves. Preliminary results with NP1 and NP4 show that incubation with hydrogen peroxide (JMC Ribeiro, personal communication) and NADPH-cytochrome P450 reductase (the redox partner of mammalian heme oxygenase; JFA, unpublished results) leads to degradation of heme in both proteins. These structural observations and biochemical data suggest that biliverdin production and binding may have served as an evolutionary preadaptation for the nitric oxide binding function of the nitrophorins.
Biological implications
Mammalian blood provides a rich, readily available source of nutrients for insects, many of which have independently evolved the ability to partake of this walking feast. To be successful, the would-be blood-sucking insect must overcome hemostasis -the host's desire to prevent blood loss. The most common strategies used by blood feeders include the delivery of proteins and compounds that have anticoagulant, antiplatelet, and vasodilatory activities to the host. These compounds have come under increasing scrutiny as potential targets for drug design and as potential pharmaceutical agents for the large number of patients with blood and cardiovascular disorders. The present study presents the crystal structure of one such protein, that of nitrophorin 4 (NP4) from the blood-sucking bug Rhodnius prolixus.
Rhodnius saliva contains at least eight proteins with antihemostatic functions. Four of these, the nitrophorins, are heme proteins that function in part by delivering nitric oxide (NO) to the host. Once delivered, NO diffuses into the cytosol of cells that line the vasculature, binds to guanylyl cyclase and, ultimately, induces vasodilation (nitroglycerin, used to relieve angina in heart patients, releases NO and works in much the same way). The nitrophorins also bind tightly to histamine, which is released by mammals in response to tissue damage, in the same distal heme pocket used for NO binding. Thus, the proteins may also act to reduce inflammation -and itching -at the feeding site.
On the basis of the structure comparisons and sequence alignments described in this paper, it has become clear that seven of the eight known Rhodnius salivary proteins are likely to have very similar lipocalin-like structures. Members of the lipocalin family are known to bind a variety of small hydrophobic molecules, including heme metabolites. With the nitrophorins, the list of ligands has been expanded to include heme itself. Without modification of the basic lipocalin structure, the nitrophorins have acquired an NO transport function that is, at this point in time, unique in the biological world.
Rhodnius prolixus is responsible for the spread of the trypanosome Trypanosoma cruzi, which causes Chagas' disease -a degenerative heart disease suffered by millions of South Americans. As the T. cruzi trypanosome is delivered in the Rhodnius feces, compounds that interfere with the insect taking a blood meal may be useful for preventing the spread of the disease, for which there is no known cure. Inhibitors of the nitrophorins may be useful in such a strategy.
Materials and methods
Preparation of recombinant NP4
The cDNA for NP4 was modified by PCR to remove the portion encoding the signal peptide and to insert an NdeI restriction site at the beginning of the sequence encoding the mature peptide. This modified cDNA was inserted into the expression vector pET17b and moved into E. coli (BL21-DE3) by transformation. The protein was expressed as described previously for NP1 and inclusion bodies were isolated [14] . The protein was refolded by first solubilizing in guanidine hydrochloride in the presence of 10 mM dithiothreitol (DTT), followed by dilution in Tris/HCl buffer containing 0.8 M NaCl and 5 mM DTT [14] . After dialysis, heme in 0.1 M KOH was added dropwise to the refolded protein until the UV-Visible spectrum indicated saturation. NP4 was purified by cation-exchange chromatography on Source-30 resin (Pharmacia) using a gradient of 0-0.5 M NaCl, and the final product was evaluated for purity by its UV-visible spectrum, and by Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The molecular weight of native NP4 was determined by gel filtration fast performance liquid chromatography (FPLC) using a Superdex 75 column. Purified NP4 in 50 mM Tris/HCl, pH 7.5 was injected onto the column and eluted with the same buffer containing 200 mM NaCl. An estimate of the molecular weight was made by comparing retention volumes with those of appropriate standard proteins.
Spectral studies
UV-visible spectra were collected on a Perkin Elmer Lambda 19 spectrophotometer. Nitric oxide-bound spectra were obtained by first purging a protein sample with argon in a sealed cuvette, and then adding a nitric oxide-containing solution with a syringe. Nitric oxide was prepared as a saturated solution by bubbling NO gas through argonpurged distilled water in a sealed tube.
Crystallization and data collection
Nitrophorin 4 was crystallized by the hanging drop vapor diffusion method in 2.8 M ammonium phosphate, 0.1 M Na-cacodylate, pH 5.3. The final pH of the solution was 7.5. Crystals suitable for data collection were obtained by macroseeding. These monoclinic plates (1.0 × 0.6 × 0.2 mm) had the red color indicative of a complex with NH 3 previously seen with NP1 [6] .
Diffraction data were measured at room temperature using an Enraf-Nonius FAST (TV-style) area detector and rotating-anode generator. Reflection intensities were estimated using the programs MADNES [29] , PROCOR [30] and AGROVATA/ROTAVATA [31] . General crystallographic calculations were performed with programs from the CCP4 suite [31] (see Table 1 for statistics).
Structure determination
The structure of NP4 was determined by molecular replacement using the NP1 structure as a probe. A model in which all amino acid nonidentities between NP1 and NP4 were changed to glycine, and coordinates for heme were removed, was used in the Patterson-rotation search program within X-PLOR [32] , using reflections between 10 and 4 Å. The data were filtered by Patterson-correlation refinement and a single peak in the rotation function that was of considerably greater magnitude than any others was seen (the largest two peaks were 1.9 and 1.2, respectively). A translation search was then performed in the xz plane for space group C2 and a solution was obtained that had an R factor of 46% after rigid body refinement. A 2F o -F c map calculated using the structure with modified sidechains and omitted heme showed density for both the heme and some of the sidechains. Refinement by simulated annealing in X-PLOR [32] with a complete model and data to 2.6 Å improved R cryst to 26%, while R free was 38.5%. After manual rebuilding (with the program O [33] ), reorientation of Lys4, inclusion of data to 1.7 Å, and refinement of individual temperature factors, R cryst was improved to 24.7% and R free to 31%. Addition of water, inclusion of data to 1.5 Å, and further rebuilding led to R cryst = 21% and R free = 27%. The density for the loop including residues 32-36 was poor and only the mainchain could be traced. The positions of the sidechains in this region were modeled using a superposition of the NP1 structure, which contains an identical sequence to NP4. The coordinates of this portion of the molecule must therefore be considered as hypothetical. The model shows good geometry with 90% of the residues falling in the most favored region of the Ramachandran plot as calculated in the program PROCHECK [34] . Final statistics are in Table 1 .
Structural superpositions were made using the programs Insight II (MSI Inc., San Diego, CA) and LSQMAN [35] . Core residues were first determined by examining superimposed models in Insight and the core was then used for the calculation of rms distances with LSQMAN. Computer-generated alignments were created with the PILEUP module of the GCG program suite (Genetics Computer Group, Inc., Madison, Wisconsin) along with manual adjustment. Figures were produced with MOLSCRIPT [36] , Raster3D [37, 38] , and BOBSCRIPT (R Esnouf, personal communication).
Accession numbers
The atomic coordinates have been deposited in the Brookhaven Protein Data Bank with entry code 1NP4. They can also be found on our web site (http://www.biochem.arizona.edu/montfort).
